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Einstein-Podolsky-Rosen (EPR) steering is one of the most intriguing features of quantum mechanics and an
important resource for quantum communication. The inevitable loss and noise in the quantum channel will lead
to decrease of the steerability and turn it from two-way to one-way. Despite an extensive research on protecting
entanglement from decoherence, it remains a challenge to protect EPR steering due to its intrinsic difference
from entanglement. Here, we experimentally demonstrate the distillation of Gaussian EPR steering in lossy and
noisy environment using measurement-based noiseless linear amplification. Our scheme recovers the two-way
steerability from one-way in certain region of loss and enhances EPR steering for both directions. We also
show that the distilled EPR steering allows to extract secret key in one-sided device-independent quantum key
distribution. Our work paves the way for quantum communication exploiting EPR steering in practical quantum
channels.
Early in 1935, Schro¨dinger put forward the term ‘steering’
to describe the “spooky action-at-a-distance” phenomenon
pointed out by Einstein, Podolsky, and Rosen (EPR) in their
famous paradox [1, 2], where local measurements on one sub-
system can apparently adjust (steer) the state of another dis-
tant subsystem [3–10]. EPR steering is an intermediate type
of quantum correlation between entanglement and Bell non-
locality [4]. Such correlation is intrinsically asymmetric with
respect to the two subsystems, and the steerability from one
subsystem to the other maybe different from that of the re-
verse direction. In certain situations, the steerability may only
exist for one direction which is called one-way steering [11–
17]. Due to this intriguing feature, steering has been identi-
fied as a physical resource for one-sided device-independent
(1sDI) quantum key distribution (QKD) [18–20], secure quan-
tum teleportation [21], and subchannel discrimination [22].
One of the obstacles in quantum information is decoher-
ence, which can be caused by loss and noise commonly. In
contrast to entanglement, the steerability of two directions
between the subsystems decreases asymmetrically in a deco-
herent environment. In particular, the two-way steering may
turn into one-way in the pure lossy channel and may disap-
pear completely with additional noise [15]. Thus, for applica-
tions using EPR steering, it is urgent to protect EPR steering
against loss and noise. It has been shown that noiseless lin-
ear amplification (NLA) can be used to counteract the effect
of loss and has been applied to distill entanglement [23–25].
There have been various proposals and experimental demon-
strations for NLA [23–30]. Recently, Chrzanowski et al. show
that measurement-basedNLA is equivalent to traditional NLA
and it is used for Gaussian entanglement distillation in a lossy
channel [24]. Up to now, the distillation of EPR steering has
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FIG. 1: Schematic of the distillation. One mode of the two-mode
squeezed state is transmitted to Bob through both lossy and noisy
channels. There are two equivalent methods to realize NLA. One
is the physical NLA, which implements the probabilistic amplifi-
cation of the state before the final measurement. The other is the
measurement-based NLA, in which the transmitted state is measured
and then a filter is used to post-select the measurement data. After
the measurement-based NLA, the vanished steerability from Bob to
Alice is recovered.
not been reported.
In this letter, we experimentally demonstrate the distilla-
tion of Gaussian EPR steering by using measurement-based
NLA, which is realized by post-selecting measured data with
a designed filter function. We explore the performance of this
scheme for both lossy and noisy channels. The effect of distil-
lation is reflected in two sides. Firstly, two-way EPR steering
is recovered from one-way EPR steering in certain region of
loss. Secondly, the distilled EPR steering is increased for both
directions and may exceed the initial situation. Our results
confirm that measurement-based NLA may also find applica-
tions in noisy environment. In terms of application, we find
that the secret key in continuous variable 1sDI QKD can also
2FIG. 2: Experimental setup. An two-mode squeezed state is produced in a nondegenerate optical parametric amplifier (NOPA) operating in
the state of deamplification. One mode of the two-mode squeezed state is kept by Alice and the other mode is distributed to Bob through a
lossy or noisy channel. The lossy channel is simulated by a half-wave plate (HWP) and a polarization beam-splitter (PBS). The noisy channel
is modeled by combining the transmitted mode and another auxiliary beam modulated by electro-optic modulators (EOMs) on a PBS followed
by a HWP and a PBS. The added excess noise is Gaussian noise with zero mean value. AM: amplitude modulator; PM: phase modulator; DM:
dichroic mirror; LO: local oscillator
.
be distilled with the measurement-based NLA from an inse-
cure regime.
The principle of distillation for Gaussian EPR steering with
measurement-based NLA is indicated in Fig. 1. Bob per-
forms heterodyne measurement on his received state and de-
cides whether to keep the measurement result β with the ac-
ceptance probability Pacc (β), which is given by
Pacc (β) =
{
e(1−g
−2)(|β|2−|βc |2), |β| < |βc|
1, |β| ≥ |βc| . (1)
After that, Bob announces his decision and Alice keeps or
discards her measurement results accordingly. This post-
selection is equivalent to perform an ideal NLA on the state
followed by the measurement (see Appendix A). Here, the
kept data is corresponding to the success of NLA. We notice
that the acceptance rate of the measurement-based NLA de-
creases along with the increase of cutoff |βc| while the fidelity
of truncated filter with the ideal NLA increases with |βc|. The
optimal cutoff |βc | depends on the input state and the amplifi-
cation gain g, which is determined numerically (see Appendix
C).
In the experiment, a two-mode squeezed state with −4.2
dB squeezing and 7.3 dB antisqueezing at the sideband of 3
MHz in time-domain is prepared by a nondegenerate optical
parametric amplifier (NOPA) as shown in Fig. 2, which is
similar to the setup in our previous experiment [15]. The front
face of the KTP crystal is coated with transmission of 42% at
540 nm and high reflectivity at 1080 nm. The end face of the
KTP crystal is antireflection coated for both 540nm and 1080
nm. The concave mirror with 50 mm curvature and transmis-
sion of 12% at 1080 nm serves as the output coupler. Al-
ice measures either the amplitude xˆ = aˆ + aˆ† or the phase
pˆ = −i(aˆ − aˆ†) quadrature of her state with homodyne detec-
tion, while Bob performs heterodyne detection on his state,
which measures both quadratures simultaneously. The inter-
ference efficiency between signal and local oscillator in detec-
tion system is 99% and the quantum efficiency of photodiodes
is 99.6%. The output signals of the detectors are mixed with
a local reference signal of 3 MHz and then filtered by low-
pass filters with bandwidth of 30 kHz and amplified 500 times
(Low noise preamplifier, SRS, SR560). The output signals of
the preamplifiers are recorded by a digital storage oscilloscope
simultaneously. A sample size of 108 data points is used for all
quadrature measurements with sampling rate of 500 KS/s. We
implement measurement-based NLA for both lossy and noisy
channels, where only vacuum noise exists in a lossy channel
and the noise is higher than vacuum noise in a noisy channel.
The properties of a (nA +mB)-mode Gaussian state ρAB of a
bipartite system can be determined by its covariance matrix
σAB =
(
A C
C⊤ B
)
, (2)
with elements σi j = 〈ξˆiξˆ j + ξˆ jξˆi〉/2 − 〈ξˆi〉〈ξˆ j〉, where ξˆ ≡
(xˆA
1
, pˆA
1
, ..., xˆAn , pˆ
A
n , xˆ
B
1
, pˆB
1
, ..., xˆBm, pˆ
B
m)
⊺ is the vector of the am-
plitude and phase quadratures of optical modes. The submatri-
ces A corresponds to Alice’s state and B corresponds to Bob’s
3FIG. 3: Experimental results. (a) The dependence of EPR steering on the loss in a lossy channel channel. (b) The dependence of EPR steering
on the loss in a noisy channel. The black and yellow dashed lines are the steerability of GA→B andGB→A without NLA, respectively. The red and
blue solid lines are the steerability of GA→B and GB→A with NLA, respectively. Error bars correspond to one standard deviation from statistical
data. (c) The EPR steering regions parameterized by gain and loss in a lossy environmen. (d) The EPR steering regions parameterized by gain
and loss in a noisy environmen. The blue region is two-way steering region (I), the yellow region is the one-way steering region (II), and the
gray region is the no steering region (III).
state, respectively.
The steerability of Bob by Alice (A → B) for a (nA + mB)-
mode Gaussian state can be quantified by [10]
GA→B(σAB) = max
{
0, −
∑
j:ν¯
AB\A
j
<1
ln(ν¯
AB\A
j
)
}
, (3)
where ν¯
AB\A
j
( j = 1, ...,mB) are the symplectic eigenvalues of
σ¯AB\A = B −CTA−1C, derived from the Schur complement of
A in the covariance matrix σAB. The steerability of Alice by
Bob [GB→A(σAB)] can be obtained by swapping the roles of A
and B.
The dependence of EPR steering on the loss in a lossy envi-
ronment is shown in Fig. 3(a). The steerability decreases with
the increase of the loss. When the loss is larger than 0.32, the
steerability from Bob to Alice GB→A disappears, but the steer-
ability fromAlice to BobGA→B is robust against loss in a lossy
channel, which confirms the property of one-way EPR steer-
ing. After performing NLA with gain g = 1.2, the steerability
for both directions are enhanced. Especially, the tolerance of
GB→A on loss is extended from 0.32 to 0.43, which recovers
the two-way steering in this region. The results confirm the
feasibility of distilling Gaussian EPR steering in a lossy envi-
ronment by using measurement-based NLA.
We also investigate the EPR steering in a noisy environ-
ment. As shown in Fig. 3(b), the steerability of GA→B dis-
appears when the loss is higher than 0.73 in a noisy channel
with excess noise of 0.12, which is normalized to the vacuum
noise whose variance is 1. After applying the measurement-
based NLA with g = 1.2, the steerabilities of both GA→B and
GB→A are also improved. This confirms the measurement-
based NLA can also be used in a noisy environment to dis-
till Gaussian EPR steering. The tolerable range of GB→A is
improved from 0.28 to 0.40, while that of GA→B cannot be
improved by measurement-based NLA.
It is interesting that the steerability fromBob to AliceGB→A
surpasses the steerability from Alice to Bob GA→B after NLA
in the region of low loss, as shown in Fig. 3(a) and 3(b). This
is because the initial state is not a pure two-mode squeezed
state and the filter is implemented on Bob’s measurement re-
4FIG. 4: The secret key rate for 1sDI QKD with continuous variables
in the case of reverse reconciliation. The red curve represents the
theoretical key rate given by a pure two-mode squeezed state with
−6 dB squeezing. The blue curve represents the key rate given by
the initial state with −4.2 dB squeezing and 7.3 dB antisqueezing.
The cutoff is selected as βc = 4.5. Error bars correspond to one
standard deviation from statistical data.
sults (see Appendix B).
Figure 3(c) and 3(d) show the EPR steering regions pa-
rameterized by gain and loss in a lossy and a noisy environ-
ment, respectively. The two-way steering region increases
with the increase of gain. It is because the tolerable range
of GB→A on loss can be extended with the increase of gain in
the measurement-based NLA in both lossy and noisy chan-
nels. However, the tolerable range of GA→B on loss cannot be
improved with the increase of gain in the measurement-based
NLA in a noisy environment, so the no steering region is not
affected by gain as shown in Fig. 3(d).
As an example of applications, we apply our scheme to
the 1sDI QKD with continuous variables. The one-sided
device-independent quantum key distribution (1sDI QKD) is
a protocol that only one of the two measurement apparatus is
trusted [18]. In our experiment, Alice measures either the am-
plitude or the phase quadrature of her state with homodyne de-
tection, while Bob performs heterodyne detection on his state.
So it corresponds to the continuous variable 1sDI QKD with
Homodyne-Heterodynemeasurements [20].
In the case of reverse reconciliation, in which Bob sends
corrections to Alice, the secret key rate for this 1sDI QKD
protocol is bounded by [20],
K◭ ≥ S (XB|E) − H (XB|XA)
≥ log2
2
e
√
VPB |PAVXB |XA
(4)
where S (XB|E) is the conditional von Neumann entropy of XB
given E, H (XB|XA) is the Shannon entropy of measurement
strings of XB given XA. It should be noted that VPB |PA and
VXB |XA are the conditional variance of Bob’s heterodyne mea-
surement given Alice’s homodyne measurement. The condi-
tional variances can be calculated directly from the measured
covariance matrix. So the secret key rate for this 1sDI QKD
can be obtained according to Eq. (4).
As shown in Fig. 4, without measurement-based NLA the
minimum squeezing level to obtain the secret key is −6 dB.
We show that secret key is obtained with −4.2 dB squeezing
and 7.3 dB antisqueezing, which is the case of our experiment,
by applying measurement-based NLA with g > 1.4. Thus, the
measurement-based NLA can be used to distill secret key in
1sDI QKD with continuous variables.
We experimentally demonstrated the distillation of Gaus-
sian EPR steering with measurement-based NLA. The dis-
tilled EPR steering exceeds the initial steerability in both lossy
and noisy channels. The results demonstrate the feasibility
of protecting Gaussian EPR steering in a decoherent envi-
ronment using measurement-based NLA. We also show that
the distillation of Gaussian EPR steering with measurement-
based NLA is helpful to distill secret key in the 1sDI QKD.
Our work thus makes an essential step for applying EPR steer-
ing in improving fidelity of secure quantum teleportation and
key rates in 1sDI QKD over practical quantum channels.
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Appendix A: Details of the theoretical calculation of
measurement-based NLA
The ideal NLA operation with gain g can be described as
gnˆ, where nˆ = aˆ†aˆ is the photon number operator. If Bob’s
state is ρB, after the NLA, the probability of the heterodyne
measurement outcome β is
Pg (β) =
1
pi
〈β| gnˆρBgnˆ |β〉
=
1
pi
e(g
2−1)|α|2 〈gβ| ρB |gβ〉 , (A1)
where we used gnˆ |β〉 = e (
g2−1)|β|2
2 |gβ〉. When ρB is measured
with a heterodyne detection system directly, Bob will get the
measurement outcome γ with probability P (γ) = 1
pi
〈γ| ρB |γ〉 .
If β is rescaled as β = γ/g and assigned to a probabilistic
filter function Pγ = e(
1−g−2)|γ|2 , Bob’s measurement outcome
follows the same distribution given by Eq. (A1) and thus em-
ulates the operation gnˆ. Notably, the probabilistic filter func-
tion is always greater than 1 for g > 1. So it is not a legitimate
weighting probability which means that it is impossible to im-
plement an ideal NLA. To implement a good approximation
to the ideal NLA gnˆ, we can introduce a finite cutoff |βc| and
renormalize the probabilistic filter function Pβ with respect to
Pβc , which gives the acceptance probability Pacc (β) in Eq. (1)
in the main text.
For a two-mode state, its density operator can be expressed
5as the following Weyl representation, i.e.,
ρˆin =
∫
d2αd2β
pi2
χin (α, β)D (−α)D (−β) , (A2)
where χin and D (α) = exp
{
αaˆ† − α∗aˆ
}
are the characteristic
function corresponding to ρin and the displacement operator.
When each mode of ρin goes through a noiseless amplifier,
denoted as gaˆ
†aˆ
1
and gbˆ
†bˆ
2
, the output state can be shown as
ρˆout = Ng
bˆ†bˆ
2 g
aˆ†aˆ
1 ρing
aˆ†aˆ
1 g
bˆ†bˆ
2
= N
∫
d2αd2β
pi2
χin (α, β) g
bˆ†bˆ
2 g
aˆ†aˆ
1 Da (−α)Db (−β) gaˆ
†aˆ
1 g
bˆ†bˆ
2 ,
(A3)
where N is the normalization factor, which is determined by
trρˆout = 1. The characteristic function of the amplified state is
given by
χout
(
α¯, β¯
)
= N
∫
d2αd2β
pi2
χin (α, β)
tr
[
gbˆ
†bˆ
2 g
aˆ†aˆ
1 Da (−α)Db (−β) gaˆ
†aˆ
1 g
bˆ†bˆ
2 Da (α¯)Db
(
β¯
)]
=
N(
1 − g2
1
) (
1 − g2
2
)
∫
d2αd2β
pi2
χin (α, β)
× exp
{
A
(
|α|2 + |α¯|2
)
+C (α¯α∗ + α¯∗α)
}
× exp
{
B
(
|β|2 +
∣∣∣β¯∣∣∣2) + D (β¯β∗ + β¯∗β)} , (A4)
where A =
g2
1
+1
2(g21−1)
, C =
g1
1−g2
1
, B =
g2
2
+1
2(g22−1)
, D =
g2
1−g2
2
. For sim-
plification, taking α = x1+ip1, β = x2+ip2, α¯ = x¯1+ip¯1, β¯ =
x¯2 + ip¯2, and X = (x1, p1, x2, p2)
T , X¯ = (x¯1, p¯1, x¯2, p¯2)
T , then
Eq. (A4) becomes
χout
(
X¯
)
=
N(
1 − g2
1
) (
1 − g2
2
) exp {X¯TG1X¯}
×
∫
d4X
pi2
χin (X) exp
{
XTG1X + X¯
TG2X
}
, (A5)
where
G1 =

A 0 0 0
0 A 0 0
0 0 B 0
0 0 0 B
 ,G2 =

2C 0 0 0
0 2C 0 0
0 0 2D 0
0 0 0 2D
 . (A6)
For any Gaussian state, with mean d and covariance matrix
σAB, their characteristic function can be expressed as [31]
χin (X) = exp
{
−1
2
XT
(
ΩσABΩ
T
)
X − i (Ωd)T X
}
, (A7)
where Ω =

0 1 0 0
−1 0 0 0
0 0 0 1
0 0 −1 0
 . Then substituting Eq. (A7) into
Eq. (A5) and using the integration formula
∫
dnX exp
{
−1
2
XT MX + XT v
}
=
pin/2√|M|
exp
{
1
2
vT M−1v
}
,
(A8)
we have
χout
(
X¯
)
→ exp
{
−1
2
X¯T
[
G2
(
2G1 − ΩσABΩT
)−1
G2 − 2G1
]
X¯
}
exp
{
1
2
(
G2X¯
)T (
ΩσABΩ
T − 2G1
)−1
(−i (Ωd))
}
exp
{
1
2
(−i (Ωd))T
(
ΩσABΩ
T − 2G1
)−1 (
G2X¯ − i (Ωd)
)}
,
(A9)
which indicates that the covariance matrix of the amplified
state is
σnla = Ω
−1
[
G2
(
2G1 − ΩσABΩT
)−1
G2 − 2G1
] (
ΩT
)−1
= G2 (2G1 − σAB)−1 G2 − 2G1 (A10)
where ΩTG1Ω = G1, Ω
T G2Ω = G2, Ω
−1 = ΩT . When only
mode Bˆ of the two-mode state go through noiseless amplifier,
we can take limit g1 → 1 .
Appendix B: Distillation of EPR steering for a pure two-mode
squeezed state
The purity of a two-mode squeezed state can be described
by [32]
µ =
1√
det(σAB)
, (B1)
where σAB is the covariance matrix of the two-mode squeezed
state. For a two-mode squeezed state with −4.2 dB squeez-
ing and 4.2 dB antisqueezing, we have purity µp = 1. The
theoretical results for the distillation of EPR steering with a
pure two-mode squeezed state are shown in Fig. 5. After
measurement-based NLA with gain g = 1.2, the steerability
for both directions are enhanced and the tolerance of GB→A on
loss is extended in both lossy and noisy channels. Please note
that the steerability from Bob to Alice GB→A is equal to GA→B
when there is no loss and GB→A never surpasses GA→B for a
pure two-mode squeezed state after NLA.
In our experiment, a two-mode squeezed state with −4.2 dB
squeezing and 7.3 dB antisqueezing is prepared with purity
µ = 0.55, which is not pure. Comparing the results in Fig.
5 with Fig. 3 in the main text, we can see that the reason
for the steerability GB→A surpasses GA→B after NLA in our
experiment is coming from the impure two-mode squeezed
state.
6FIG. 5: (a) The dependence of Gaussian EPR steering on loss for a
pure two-mode squeezed state in a lossy channe. (b) The dependence
of Gaussian EPR steering on loss for a pure two-mode squeezed state
in a noisy channel. The black and yellow dashed lines are the steer-
ability of GA→B and GB→A without NLA, respectively. The red and
blue solid lines are the steerability of GA→B and GB→A with NLA,
respectively.
TABLE I: The optimal cutoff |βc | at different loss and g
g=1.05 g=1.10 g=1.15 g=1.20 g=1.25
Loss=0.0 4.25 4.75 5.25 5.50 6.00
Loss=0.2 4.00 4.25 4.50 4.75 5.25
Loss=0.4 3.75 4.00 4.25 4.50 5.00
Loss=0.6 3.50 3.75 4.00 4.25 4.50
Loss=0.8 3.00 3.25 3.50 3.75 4.00
Appendix C: The selection of cutoff value
The optimal cutoff |βc | is selected to ensure high acceptance
rate and high fidelity of the emulated NLA at the same time.
However, we find that the post-selection rates is inversely pro-
portional to cutoff |βc|, and the fidelity of truncated filter with
the ideal NLA is proportional to |βc|. Here, we select the op-
timal |βc| according to the numerical simulation, in which the
initial state is the same with that in the experiment. We choose
FIG. 6: (a) The skewness of the post-selected ensembles as a function
of the g for different losses. (b) The kurtosis of the post-selected
ensembles as a function of the g for different losses.
the smallest |βc | to ensure the high fidelity of measurement-
based NLA and ideal implementation gnˆ with two conditions:
1. the accepted data satisfy Gaussian distribution (skewness
approaches to 0 and kurtosis approaches to 3); 2. the EPR
steering calculated from the accepted data is close to that of
the state after the ideal implementation gnˆ. The optimal cutoff
|βc | for different losses and g are given in Table SI. With the
increase of losses, the optimal cutoff value becomes smaller.
In the experiment, g = 1.2 and corresponding cutoff values
are used to implement measurement based NLA in Fig. 3(a)
and 3(b).
Figure 6 shows the skewness and kurtosis of accepted data
for different losses and g when we take the optimal cutoff |βc|.
The probability of success of NLA for different losses and
amplification gain g is shown in Fig. 7. Firstly, we can see
that the probability of success decreases with the increase of g
for a certain loss, which means that the NLA with larger gain
coefficient is more difficult to achieve for the same initial state.
Moreover, for a certain amplification gain g, the probability
of success increases with the increase of loss. This means that
the weaker the initial steerability, the higher acceptance rate
7FIG. 7: The probability of success as a function of the g for different
losses.
it will be obtained. Please note that different optimal cutoff
values shown in Table SI are chosen in this case.
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